Objectives-The advent of HIV protease inhibitors has greatly extended the life span of AIDS patients. With an aging HIV ϩ population, the cardiometabolic side effects of these drugs are becoming increasingly important clinical concerns. The purpose of this study was to test the hypothesis that inhibition of adipose lipolysis will retard atherogenic lesion development induced by the antiviral protease inhibitors. Methods and Results-LDLR-null mice receiving ritonavir were compared with those receiving ritonavir plus lipolysis inhibitor acipimox or vehicle alone to determine how acipimox would affect ritonavir-induced atherogenesis. Intermittent high-fat high-cholesterol diet was used to facilitate optimal atheromatous lesion development. Drug effects were assessed as changes in aortic lesion score, plasma lipid and lipoprotein profile, body fat mass, and insulin-induced suppression of plasma fatty acid concentrations. Ritonavir increased aortic lesions, in association with decreased body fat mass, impaired antilipolysis action of insulin, and increased proatherogenic plasma lipoproteins. All these adverse effects were attenuated by cotreatment with acipimox. Conclusions-Our results provide the first direct evidence that supports the hypothesis that dysregulation of adipose lipolysis is an important contributor to the proatherogenic role of selected HIV protease inhibitors. (Arterioscler
T he advent of HIV protease inhibitors (PIs) such as ritonavir brought a remarkable transition in AIDS therapy. Together with selected nucleoside reverse transcriptase inhibitors (NRTIs), PIs greatly improved viral suppression and changed HIV/AIDS from a rapidly fatal disease to a controllable chronic illness. Substantially increased life expectancy of HIV-infected patients has shifted focus to drugassociated metabolic disorders, such as lipodystrophy, insulin resistance, and coronary artery disease. [1] [2] [3] [4] [5] Some of these metabolic abnormalities have been reproduced in HIVnegative humans and animal models after administration of PIs, 6 -9 suggesting that a proatherogenic phenotype is more associated with antiviral therapy than with viral infection alone. 10 HAART patients with lipodystrophy generally display resistance to insulin regulation of lipolysis and glucose disposal. [11] [12] [13] Direct binding of selected PIs to glucose transporter 4 (Glut4) acutely impairs insulin-stimulated glucose transport. 14 Repeated administration of PIs can cause sustained impairment of insulin signaling, resulting in failure to suppress adipose lipolysis and to promote lipogenesis during postprandial periods. 15, 16 These changes are predicted to reduce body fat mass and further exacerbate systemic insulin resistance, contributing to proatherogenic dyslipidemia and premature atherosclerosis. Indeed, HIV-infected patients with lipoatrophy often have elevated plasma fatty acids (FFA) concentrations and a more proatherogenic lipid profile. 13, [17] [18] [19] This condition was found to be improved after inhibition of lipolysis by coadministration of acipimox, 18, 19 suggesting that lipolysis inhibitors may offer protection against HAARTinduced premature atherosclerosis. For proof-of-concept, we tested how acipimox affects mouse aortic lesion development in LDLR-null mice treated with ritonavir, a PI known to induce atherogenesis in mouse models. 20 
Methods
To accelerate lesion development, mice were given an intermittent high-fat high-cholesterol diet (HFC) 2 days each week interspersed with standard chow. Ritonavir was provided orally twice daily (33 mg/kg/d), and acipimox was provided in drinking water (0.05% wt).
For all other details, please see the supplemental materials (available online at http://atvb.ahajournals.org).
Results

Ritonavir Accelerates Atherogenic Lesion Development, an Effect That Is Attenuated by Cotreatment With Acipimox
To determine the optimal treatment duration, we used highresolution magnetic resonance angiography (MRA) to longitudinally assess the progression of occlusive lesions in vivo in the innominate and right subclavian arteries (supplemental Figure IA) . As shown in Figure 1A , LDLR Ϫ/Ϫ mice treated with ritonavir developed lumen asymmetry in these arteries at an earlier phase (week 4) and had smaller luminal area for right subclavin (week 4) and innominate (week 8) than vehicle-treated mice. This effect was partially reversed by acipimox. In week 8, good concordance between occlusive vessels assessed by MRA and the presence of lipid-rich lesions was observed (supplemental Figure IB) . Because en face analysis of the aortic vessel revealed only sparse lesions at this time (not shown), the experiment was extended by 6 more weeks.
After 14 weeks of treatment, atheromatous lesions were found throughout the aorta, with a greater density in the arch around the origin of its major branches (supplemental Figures  II and III ). Mice receiving ritonavir had an approximately 2-fold increase in the percentage of lesion-covered surface area ( Figure 1B ). This effect of ritonavir was reversed by acipimox. We also estimated macrophage levels within the aorta root as an index for atherosclerotic burden and also as an indicator of inflammatory responses. As shown supplemental Figure IV , lesions isolated from ritonavir-treated animals showed a remarkably greater staining intensity for Mac3, a macrophage marker commonly found in mouse atherosclerotic lesions. 21 This effect was reversed by acipimox. The mean Mac3 staining intensity in the aortic root lesions ( Figure 1C ) closely correspond to the en face aortic artery lesion score ( Figure 1B ). This observation is in agreement with the in vitro findings that ritonavir stimulates macrophage activation. 22 Further studies are required to determine whether increased macrophage infiltration is a direct effect of ritonavir on vascular wall inflammation or an indirect effect because of greater systemic lipid stress (see below).
Ritonavir-Associated Loss of Fat Mass Is Blocked by Cotreatment With Acipimox
Consistent with previous studies that reported lipoatrophy in wild-type mice treated with protease inhibitors, 7, 8 we observed a significant reduction in all 3 fat depots measured in mice receiving ritonavir ( Figure 2A ). Analysis of fat cell size distribution revealed a shift toward smaller fat cells in ritonavir treated mice ( Figure 2B ). These changes were reversed by acipimox. NMR measurements show that body fat mass initially increased in all groups after HFC was introduced. However, 6 weeks later, mice receiving ritonavir began to lose fat mass, whereas mice receiving vehicle or ritonavir plus acipimox did not change ( Figure 2C ). By the end of treatment, whole body fat mass was lower in the ritonavir group (4.29 g versus 5.8 g, Pϭ0.031, compared to vehicle group) but not in the acipimox plus ritonavir group (5.8 g versus 6.1 g, Pϭ0.791, compared to vehicle group).
Ritonavir also reduced adipose mRNA expression of adipocyte transcription factor (PPAR␥), fatty acid synthase (FAS), and acetyl CoA carboxylase (ACC), and the changes were reversed by acipimox (supplemental Figure V) . It is of note that adipose tissue heme oxygenase-1 (HO-1), an enzyme that is critically involved in response to diverse types of cellular stress, was induced 2 fold by ritonavir (supplemental Figure V ), in agreement with the previous in vitro findings. 23, 24 This effect was also reversed by acipimox (supplemental Figure V) . Together, these results suggest that ritonavir induces profound adipose tissue malfunctions through a mechanism that is blocked by acipimox.
Ritonavir Inhibits Insulin-Stimulated Glucose Disposal and the Antilipolytic Action of Insulin: Acipimox Restores Antilipolysis but Not Glucose Disposal
Ritonavir induces acute and chronic insulin resistance. The acute effect is caused by direct interaction with Glut4, whereas the chronic effect is related to impaired insulin signaling. [25] [26] [27] [28] To determine the effects of acipimox on ritonavir-induced insulin resistance, we performed insulin tolerance tests in mice after 8 weeks of treatment. As expected, when mice were tested in 2 hours after ritonavir dosing, there was a significant reduction in insulin-stimulated glucose disposal ( Figure 3A , left panel), with AUC of 53.2 compared to 39.8 of the vehicle group (PϽ0.05, arbitrary unit). This effect was not reversed by acipimox ( Figure 3A , AUC 61.8). We repeated the test in 16 hours after the last ritonavir dosing. In this case, there was no difference in acute plasma glucose lowering within the first 15 minutes ( Figure 3A , right panel). After 30 minutes, the recovery of glucose concentration appears to be accelerated in ritonavir-treated mice with or without acipimox. These results suggest that the atheroprotective effect of acipimox is independent of immediate insulin-stimulated glucose disposal. HAART patients with lipodystrophy are reported to be less responsive to the antilipolytic action of insulin. 13 Because lipolysis directly promotes hepatic VLDL secretion, we hypothesized that impairment of the antilipolytic action of insulin may be a relevant mechanism for ritonavir-induced atherogenesis. Accordingly, we compared glycerol release from adipocytes isolated from ritonavir and vehicle-treated mice, in response to a ␤agonist (isoproterenol, iso) and insulin. As shown in Figure 3B , insulin significantly suppressed iso-stimulated glycerol release in fat cells isolated from the vehicle group, but was not effective in fat cells isolated from the ritonavir group. Cotreatment with acipimox restored the cellular sensitivity to insulin ( Figure 3B , right panel).
Acipimox Ameliorates Ritonavir-Induced Proatherogenic Plasma Lipid Profile
Increased plasma triglycerides (TAG) is typically found in HAART patients and PI treated rodents. 7, 8, 10, 19 This was also found in the mice receiving ritonavir in our study, and the effect was largely reversed by acipimox ( Figure 4A ). However, no detectable differences in FFA was found among the 3 groups ( Figure 4B ). This was not too surprising because steady-state plasma FFA is regulated by multiple endogenous mechanisms minute-to-minute and the antilipolysis effect of acipimox can diminish after the drug (dissolved in drinking water) intake diminishes during the day. Even so, sustained lowering of plasma TAG implies that long-term acipimox intake still results in an overall better regulated lipid homeostasis. 29, 30 To determine whether acipimox improves insulin suppression of lipolysis in vivo, we measured plasma FFA after a moderate dose of insulin (0.6 U/kg, i.v.). As shown in Figure 4C , ritonavir dampened the insulin suppression of plasma FFA but the effect was reversed by acipimox.
Dysregulation of plasma FFA and TAG predicts impaired VLDL metabolism. Indeed, as shown in Figure 4 (middle and lower panels), ritonavir increased VLDL-cholesterol. This effect was completely blocked by acipimox under nonfasting and partially blocked under fasting conditions. Note that antilipolysis effect of acipimox may decrease in the fasting period because the animals naturally drank less in the light cycle (8:00 AM to 4:00 PM). In addition, ritonavir moderately increase nonfasting LDL-cholesterol. This effect was again reversed by acipimox. There was a slight but significant increase in fasting HDL-cholesterol in animals treated with acipimox plus ritonavir. This is likely secondary to reduced VLDL secretion, as acipimox alone does not affect HDL metabolism. 30 
Discussion
This study provides the first in vivo evidence to support the hypothesis that the lipolysis inhibitor acipimox antagonizes the proatherogenic effect of HIV protease inhibitor ritonavir. The mechanistic framework of this hypothesis is shown in supplemental Figure VI . Briefly, this model envisions that HIV protease inhibitors impair insulin signaling for lipolysis regulation, causing increased FFA flux into the liver, which in turn increases VLDL output and promotes atherogenesis. This model predicts that atherogenesis will be attenuated if adipose lipolysis is suppressed by inhibitors that bypass the insulin signaling defects. Although partial support for this hypothesis has come from previous studies, [17] [18] [19] our work provides the first demonstration that ritonavir-induced atherogenesis is attenuated by acipimox, a lipolysis inhibitor that acts independent of insulin signaling. Plasma lipoprotein concentrations largely depend on the coordinated metabolic regulation in liver, adipose tissue, and muscle. Although many of the previous rodent studies documented strong drug effects on hepatic lipogenesis that can lead to VLDL hypersecretion, these findings were often confounded with high drug dosage and high-fat diet. 8, [31] [32] [33] [34] In this work, we show that, with a moderate drug dose and dietary fat content, ritonavir induced dyslipidemia and atherosclerosis in LDLR Ϫ/Ϫ mice without significantly damaging the liver itself (supplemental Figure VII) . Based on the findings that acipimox did not correct the ritonavir effect on insulin tolerance test, we suggest that muscle is not a direct contributor either. Instead, our results suggest that the proatherogenic effect of ritonavir can be primarily explained by the drug effects on adipose tissue.
First, we showed that long-term ritonavir dosing caused fat tissue loss and resulted in smaller fat cell size; implying increased fat mobilization. We also presented the first in vivo evidence that ritonavir induced expression of a stress responsive gene HO-1 in adipose tissue. Because FFA stimulates stress response in preadipocytes, 35 we suggest that HO-1 may be induced as a result of increased adipocyte FFA release attributable to ritonavir-mediated insulin resistance. Second, we showed that ritonavir dampened in vivo plasma FFA response to insulin, which recapitulates the findings in HAART patients. 13 However, we also provided the first evidence that long-term drug treatment dampened ex vivo fat cells sensitivity to the antilipolysis action of insulin. Most importantly, we provided compelling evidence that acipimox largely reversed these ritonavir-induced fat tissue malfunctions, in parallel to its suppression on ritonavir-induced atherogenesis.
Increased VLDL is a hallmark of HAART associated dyslipidemia. 10 Our results also show that VLDL-c is increased by ritonavir under both fasting and nonfasting conditions. Previous studies demonstrated that PI increases VLDL secretion without affecting VLDL catabolism. 32, 36 If so, our results will suggest that insulin suppression of VLDL secretion is impaired by ritonavir under both fasting and nonfasting conditions. By increasing FFA flux into the liver, ritonavir may also increase secretion of TG-rich VLDL particles which may be more atherogenic than normal VLDL. Most importantly, we show that the effects of ritonavir on VLDL, fasting or nonfasting, were blocked by acipimox, in parallel with drug effects on aortic lesion development. This provides a clear link between adipose lipolysis and ritonavir-mediated dyslipidemia with drug-induced premature atherogenesis.
Finally, it is important to point out that although acipimox and niacin share the same receptor (GPR109A) pathway for lipolysis inhibition, niacin is, but acipimox is not, a precursor of NADH. For this reason, niacin is known to have profound atheroprotective effects beyond its function as a lipolysis inhibitor, most notably for its roles as a potent inhibitor for HDL catabolism and for hepatic lipid synthesis, as well as a general antioxidant. [37] [38] [39] [40] Such receptor-independent effects have not been reported for acipimox.
Overall, our observations have important clinical implications. We have recapitulated the major metabolic side effects of ritonavir in a mouse model and demonstrate that lipoatrophy, proatherogenic dyslipidemia, and accelerated atherogenesis can be alleviated by concomitant administration of a lipolysis inhibitor. Further studies to explore the therapeutic applications of lipolysis inhibitors in treating the metabolic complications of PIs are warranted.
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